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ABSTRACT
The general Lagrangian containing the couplings of the Higgs scalars to Majorana
neutrinos is presented in the context of singlet Majoron models with intergenerational
mixings. The analytical expressions for the coupling of the Majoron field to fermions are
derived within these models. Astrophysical considerations imply severe restrictions on the
parameters of the model if the singlet Majoron model with three generations is assumed
to be embedded in grand unified theories. Bounds that originate from analyzing possible
charged lepton-violating decays in terrestrial experiments are also discussed. In particular,
we find that experimental searches for muon decays by Majoron emission cannot generally
be precluded by astrophysical requirements.
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Astrophysical considerations play an important role in constraining the strength of
the coupling of Nambu-Goldstone bosons to the matter [1]. Among the various types
of such extraordinary light particles (e.g. axions, familons, etc.) [2], which are acossiated
with the spontaneous breakdown of some global symmetry, Majoron J0 is a massless pseu-
doscalar boson arising from the breaking of the baryon−lepton (B−L) symmetry [3]-[7].
In such scenarios, apart from the Standard Model (SM) Higgs doublet Φ, an SU(2)⊗U(1)
singlet Σ is present which gives rise to ∆L = 2 Majorana mass terms mM when Σ couples
to right-handed neutrinos [3]. In general, models with right-handed neutrinos can natu-
rally account for possible lepton-number violating decays of Z0 and H0 particles [8]-[11]
induced by Majorana neutrinos at the first electroweak loop order. The non-decoupling
physics that the heavy Majorana neutrinos can introduce [8, 9, 11] lead to combined con-
straints both on neutrino masses and lepton-violating mixings. Similar non-decoupling
effects occur when one considers Majoron couplings to fermions. On the other hand, Ma-
joron models can naturally be embedded in grand unified theories (GUT ) like the SO(10)
model [12]. In such models the B − L scale is determined by the vacuum expectation
value (V EV ) of the singlet scalar, i.e. < Σ >= w/
√
2 and the neutrino Dirac mass matrix
mD may be related to the u-quark mass matrix MU by mD = MU/k, where k = O(1)
represents the running of the Yukawa couplings between the GUT and the low-energy
scale [13]. There are also scenarios where mD can be proportional to charged lepton mass
matrix Ml [12, 13]. Since the B − L scale strongly depends on the mechanism that the
SO(10) gauge group breaks down to U(1)em [14], we will treat w as a free parameter
of the theory that should be constrained by our forthcoming considerations. The light
neutrino masses mνi can generally be estimated by
mνi ≃ − mD
1
mM
mTD. (1)
The mass hierarchical pattern mentioned above should also hold for the heaviest family
which implies that the biggest eigenvalue of mD will be in the range between 10 and
2
100 GeV for 100 ≤ mt ≤ 180 GeV [13]. If astrophysical constraints are imposed on the
J0 − e− e, J0 − u− u and J0 − d− d couplings, one derives the bound on
tanβ =
< Φ >
< Σ >
=
v
w
≤ 10−2, (2)
for models without interfamily mixings. The situation becomes more involved if mixings
between families are considered. This realization will be illustrated by the present work.
We will finally discuss the bounds from low-energy experiments [15, 16] on the off-diagonal
coupling of the Majoron to two different charged leptons.
First, let us briefly describe the low-energy structure of the singlet Majoron model.
The scalar potential of this model which should be non-trivial under the U(1)Y group is
given by [5, 6]
− LV = µ2Φ(Φ†Φ) + µ2Σ(Σ†Σ) +
λ1
2
(Φ†Φ)2 +
λ2
2
(Σ†Σ)2
+ δ(Φ†Φ)(Σ†Σ). (3)
If all the stability conditions in this model are satisfied (i.e. λ1, λ2 > 0 and λ1λ2 > δ) [5],
the above potential can always be minimized by the following Higgs-field configurations:
Φ =


G+
v√
2
+
φ0 + iG0√
2

 and Σ = w√2 +
σ0 + iJ0√
2
. (4)
After the spontaneous breakdown of the SU(2)L ⊗ U(1)Y gauge group and diagonalizing
the Higgs mass matrix, one obtains two CP -even Higgs fields (denoted by H0 and S0)
and one massless CP -odd scalar, the Majoron J0, while the would-be Goldstone bosons
G+, G0 give simply mass to W+, Z0 bosons, respectively. The weak eigenstates φ0 and
σ0 are related to the corresponding physical mass eigenstates through

 φ
0
σ0

 =

 cos θ − sin θ
sin θ cos θ



 H
0
S0

 , (5)
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where
tan 2θ =
2δ tan β
λ2 − λ1 tan2 β . (6)
The Yukawa sector containing all the relevant Higgs couplings to neutrinos reads
− LHiggsY = ν¯0LimDijν0Rj
φ0
v
+ ν¯0Rim
†
Dij
ν0Lj
φ0
v
+
1
2
ν¯0CRi mMijν
0
Rj
σ0 + iJ0
w
+
1
2
ν¯0Rim
†
Mij
ν0CRj
σ0 − iJ0
w
. (7)
In Eq. (7) we have assumed the absence of Higgs triplets [17], which seem now to be ruled
out by the LEP data on the invisible Z0 width. The interactions of J0, H0 and S0 with
the 2nG Majorana neutrinos ni – nG denotes the number of generations – are generally
described by the following Lagrangians:
LJint =
igW tβ
4MW
J0 n¯i
[
γ5(mni +mnj )
(
1
2
δij − ReCij
)
+ i(mni −mnj )ImCij
]
nj ,(8)
LHint = −
gW
4MW
(cθ − sθtβ) H0 n¯i
[
(mni +mnj )
(
ReCij +
tβsθδij
2(cθ − sθtβ)
)
+ iγ5(mnj −mni)ImCij
]
nj , (9)
LSint =
gW
4MW
(sθ + cθtβ) S
0 n¯i
[
(mni +mnj )
(
ReCij − tβδij
2(tθ + tβ)
)
+ iγ5(mnj −mni)ImCij
]
nj , (10)
where we have used the abbreviations sx = sin x, cx = cos x, tx = tan x and defined
Cij =
nG∑
k=1
UνkiU
ν∗
kj . (11)
The 2nG× 2nG unitary matrix Uν is responsible for the diagonalization of the 2nG× 2nG
neutrino mass matrix Mν which is of the ”see-saw” form [18]
Mν =

 0 mD
mTD mM

 . (12)
4
The first nG eigenvalues of M
ν are identified with the ordinary light neutrinos, νe, νµ,
etc., whereas the remaining nG Majorana neutrino states are new particles provided in this
model and should be heavier than the Z0 boson to escape detection at LEP experiments.
The 2nG neutral leptons ni are related to their weak eigenstates ν
0
L,Ri
and ν0CL,Ri through
the following unitary transformations (assuming the convention of summation for repeated
indices): 
 ν
0
L
ν0CR


i
= Uν∗ij nLj ,

 ν
0C
L
ν0R


i
= Uνij nRj . (13)
It is now easy to see that in the limit of tan β → 0 and θ → 0, the fields S0 and J0
decouple fully from matter and only one Higgs field, H0, couples to Majorana neutrinos.
This scenario has explicitly been described in [19], where for our purposes we will repeate
here the interactions of the W+ and Z0 boson with the Majorana neutrinos. They are
given by the Lagrangians:
LW∓int = −
gW
2
√
2
W−µ l¯i Blijγµ(1− γ5) nj + h.c. , (14)
LZint = −
gW
4 cos θW
Z0µ n¯iγµ[iIm(Cij) − γ5Re(Cij)]nj . (15)
Moreover, the couplings of the charged would-be Goldstone bosons G∓ are written down
LG∓int = −
gW
2
√
2MW
G− l¯i [mliBlij(1− γ5) − Blij(1 + γ5)mnj ] nj + h.c. , (16)
where
Blij =
nG∑
k=1
V llikU
ν∗
kj . (17)
In Eq. (17) V l is a unitary matrix relevant for the bi-diagonalization of the charged lepton
mass matrix M l.
At this point it is important to mention that the presence of Majorana neutrino
interactions in the Lagrangians (8)–(10) violates the CP symmetry of the model. In
particular, the fact that H0, S0 and J0 couple simultaneously to CP -even (:n¯inj) and
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CP -odd (:n¯iiγ5nj) operators gives rise to CP -violating transitions between states with
different CP -quantum numbers [20]. For example, one finds a non-zero contribution when
computing selfenergy graphs induced by Majorana neutrinos between the CP -even Higgs
fields H0, S0 and the CP -odd states Z0, J0. All these transitions turn out to be propor-
tional to the CP -odd combinations ImC2ij which change sign when a CP conjugation is
applied to the vacuum polarization terms. As a consequence, the general Majoron cou-
pling to charged leptons and quarks possesses a scalar and pseudoscalar part. We will
include these CP -odd effects in our theoretical considerations, although they seem not to
influence our numerical predictions.
Armed with the Lagrangians (8)–(10), (14) and (15) it is now straightforward to
calculate the coupling J0−f1−f2 given by the Feynman graphs shown in Figs. 1(a)–1(c).
The additional CP -violating diagrams of the Majoron coupling to fermions are depicted
in Figs. 2(d) and 2(e). In our analytical calculations we have neglected terms proportional
to the small quantities m2f/M
2
W for f = e, u or d. The individual amplitudes contributing
to the J0 − f1 − f2 coupling are given by
T l1l2a = ∆Sij
[
− 1
2
(λi + λj)(δij − C∗ij)I1(λi, λj) + Cij
√
λiλjI1(λi, λj)
+
1
2
(λi − λj)C∗ijI3(λi, λj)
]
+
1
2
∆Aij(λi − λj)C∗ij
[
I2(λi, λj)− I1(λi, λj)
]
, (18)
T l1l2b =
1
2
∆Sij
[(
CUV − 1
2
)(
λiδij − Cij
√
λiλj − 1
2
(λi + λj)C
∗
ij
)
− (λi + λj)(δij
− C∗ij)L2(λi, λj) + Cij
√
λiλj
(
− 2L2(λi, λj) + 1
2
(λj − λi)I3(λi, λj)
)]
+
1
2
∆Aij(λi − λj)
( 1
2
(CUV − 1
2
)C∗ij − Cij
√
λiλjI2(λi, λj)
+ C∗ijL2(λi, λj)
)
, (19)
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T ffc = −2δS(2T fz )
(
λjCij(δij − C∗ij) −
√
λiλjReC
2
ij
)(
− 1
2
CUV
+ L1(λi, λj)
)
, (20)
T ffd = −iδAImC2ij(cθ − sθtβ)(λi − λj)
√
λiλjλ
−1
H
(
CUV − L0(λi, λj)
)
, (21)
T ffe = iδAImC2ij(sθ + cθtβ)(λi − λj)
√
λiλjλ
−1
S
(
CUV − L0(λi, λj)
)
, (22)
where
λi =
m2ni
M2W
, λH =
M2H
M2W
, λS =
M2S
M2W
, (23)
CUV =
1
ε
− γE + ln 4pi − lnM
2
W
µ2
, (24)
∆Aij = −
gWαW
16pi
tanβ B∗l1iBl2j u¯l2
[
ml1
MW
(1 + γ5) +
ml2
MW
(1− γ5)
]
ul1 ,
∆Sij = −
gWαW
16pi
tanβ B∗l1iBl2j u¯l2
[
ml1
MW
(1 + γ5) − ml2
MW
(1− γ5)
]
ul1 , (25)
δA = − gWαW
16pi
tan β u¯fuf ,
δS = − gWαW
16pi
tan β u¯fγ5uf . (26)
The analytical expressions for the one-loop functions I1, I2, I3, L0, L1 and L2 are given in
Appendix A. In Eq. (20) T fz stands for the third component of the weak isospin and takes
the values: T uz = 1/2, T
l,d
z = −1/2. The UV divergences in the amplitudes (19)–(22)
vanish identically due to the following equalities [19, 9]:
2nG∑
i=1
BliCij = Blj , (27)
2nG∑
k=1
CikC
∗
jk = Cij , (28)
2nG∑
i=1
mniBliC
∗
ij = 0 , (29)
2nG∑
k=1
mnkCikCjk = 0 . (30)
Note also that the amplitudes T ffd , T ffe induce a scalar piece in the J0 − f − f coupling.
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This scalar part, however, is suppressed for astrophysical reasons by a factor of 10 at least
as compared to the pseudoscalar part of the coupling [21].
In order to pin down numerical predictions, we first consider the conservative case of
a model with one generation or equivalently a three-generation model without interfamily
mixings. Then, the coupling J0 − e− e, gJee, defined by the relation
T ee = gJee e¯iγ5e, (31)
takes the simple form
gJee ≃
gWαW
16pi
tβ
me
MW
[
(sνeL )
2 λ
2
Ne
1− λNe
(
1 +
lnλNe
1− λNe
)
+
1
2
∑
e,µ,τ
(sνlL )
2λNl
]
. (32)
The mixings (sνlL )
2 are defined by
(sνlL )
2 =
2nG∑
i=nG+1
|Bli|2 . (33)
In this scenario (sνlL )
2 = m2Dll/m
2
Nl
and λNl ≫ 1, since the heavy Majorana neutrinos
Nl have to satisfy Eq. (1) and mDll ≃ mli or mui . On the other hand, astrophysical
constraints arising from helium ignition in red giants or the observational evidence of
white dwarf cooling rates are given by the bound [1]
gJee ≤ (9.− 1.4) 10−13 , (34)
However, the range 3. 10−13 ≤ gJee ≤ 6. 10−7 is excluded from the helium ignition
argument mentioned above, if the radius of giant core or dwarf is bigger than the mean
free path of the pseudoscalars that these particles require to freely escape from them [1].
It is now obvious that the most stringent constraint on tanβ arises from the heaviest
family. Thus, for mD ≃ mτ one obtains that
gJee ≃
gWαW
32
tanβ
me
MW
m2τ
M2W
, (35)
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yielding because of Eq. (34)
tan β ≤ 0.4 . (36)
Of course, if mD ≃ mt/k ≃ 10 GeV, one finds a much stronger bound, i.e.
tanβ ≤ 10−2 . (37)
Note also that such low-energy realizations make unlikely the invisible decay of massive
Higgses into Majoron pairs [6, 7].
The afore-mentioned hierarchical scheme, however, is in general not valid if one in-
troduces intergenerational mixings in the singlet Majoron model. This situation seems
to be a natural possibilty that can be realized by GUT models, since mD and MU ma-
trices may get related in such high-energy scenarios (i.e. mD(MX) = MU(MX) with MX
indicating the grand unification scale). In addition, it has explicitly been demonstrated
in [22, 19] that the scale of mM can be O(100) GeV without contradicting experimental
bounds on neutrino masses. For instance, democratic-type mass matrices for the form of
mD [24] can lead to patterns with such a low scale for mM . Then, the mixings (s
νl
L )
2 can
be treated as purely phenomenological parameters, since Eq. (33) should now read
(sνlL )
2 ≃ mD 1
m2M
m†D (38)
and cannot therefore be related with the light-neutrino mass matrix of Eq. (1). The
mixing angles (sνlL )
2 can generally be constrained by a global analysis of a great number
of low-energy experiments and LEP data [23]. In this scenario one makes the remerkable
observation that gJee can severely be supressed for a certain choice of the mass parameters
λNl and mixings (s
νl
L )
2. For example, if all heavy neutrino masses mNl are approximately
equal and λNl ≫ 1, then the choice
(sνeL )
2 ≃ (sντL )2 (39)
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leads to gJee = 0. However, even if the Majoron couplings to electrons vanish, the
corresponding coupling to nucleons N , gJNN , is not zero anymore. The reason is that the
destructive first term in the bracket of Eq. (32) does not exist anymore and such a fine-
tuning is thus not possible. Since gJNN/gJee ≃ mN/me ≃ 2. 103, one may derive useful
constraints from the consideration of cooling rates of neutron stars due to the energy loss
mechanism by Majoron emission. In Fig. (3) we present exclusion plots of the parameters
tan β versus mN for three different values of (s
νl
L )
2 by considering that [25]
gJNN
<∼ 10−9. (40)
For a discussion of additional uncertaintities on the upper bound of the coupling gJNN
that can arise from various reasons like the so-called ”Turner’s window” [27] etc., we refer
the reader to [26]. Ultimately, we must notice that the astrophysical bounds arising from
the Majoron coupling to two photons, CJγγ, should be weaker than that coming from
gJNN , since CJγγ can only be generated at two-loop electroweak order.
In the following we will focus our attention on bounds resulting solely from terrestrial
experiments [15, 16] by analyzing lepton-flavor violating decays, i.e. l1 → J0l2 with l1 6= l2.
To the leading order of the heavy neutrino limit one finds from Eqs. (18) and (19) that
BR(l−1 → J0l−2 ) ≃
3αW
8pi
tan2 β |B∗l1NBl2N |2λ2N
M2W
m2l1
. (41)
The experimental information we have for the above lepton-violating decays are the fol-
lowing upper bounds:
BR(µ→ J0e) ≤ 2.6 10−6 [15],
BR(τ → J0e) ≤ 7.1 10−3 [16],
BR(τ → J0µ) ≤ 2.3 10−3 [16]. (42)
In order to quantitatively estimate the magnitude of the lepton-violating effects that
could be constrained by the branching ratios stated in (42), we use the upper bound of
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the quantity
|B∗l1NBl2N | ≤ (sνlL )2 = max
(
(s
νl1
L )
2, (s
νl2
L )
2
)
. (43)
The exclusion plots implied by these experiments are presented in Fig. (4) for the three
different decay channels. For comparison, we have taken the astrophysical bound coming
from Eq. (40) into account in Fig. (4), from which one easily concludes that experimental
searches for the decay µ→ J0e may not be excluded by astrophysical constraints and can
hence be sensitive to new physics beyond the SM .
In conclusion, astrophysical considerations may lead to useful constraints on the
parameters of singlet Majoron models with intergenerational mixings. It has been demon-
strated that three-generation Majoron models can indeed be constrained if these models
are assumed to be embedded in GUT scenarios. Possibilities of how to evade from some
of the astrophysical constraints have also been discussed. For example, gJee vanishes for
a specific choice of parameters. Furthermore, terrestrial experiments give independently
severe restrictions on the lepton-violating mixings and heavy neutrino masses. Aside from
rather involved R-parity broken models [28], this minimal extension of the SM , the singlet
Majoron model, may also naturally account for possible lepton-flavor violating signals in
precision experiments. We emphasize again the fact that measurements of the TRIUMF
collaboration [15] for exotic decay modes, like µ → J0e, lie in area which may not be
excluded by astrophysics and have substancial chances to establish new physics beyond
the SM . Finally, due to the CP -odd interactions that Majorona neutrinos introduce in
such models (see e.g. Eqs. (9), (14) and (15)), one may be motivated to discuss their phe-
nomenological impact of possible CP -violating effects in the decays of the Higgs particle
H0 into top, W or Z pairs [29].
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A The loop integrals
We first define the useful functions B1(λi, λj) and B2(λi, λj) as:
B1(λi, λj) = λi(1− x) + λj x , (A1)
B2(λi, λj) = 1− y + y[λi(1− x) + λj x] , (A2)
where x and y are Feynman parameters. The loop integrals L0, L1, L2, I1, I2 and I3 are
then given by
L0(λi, λj) =
∫
dx lnB1(λi, λj)
= −1 + 1
2
lnλiλj − λi + λj
2(λi − λj) ln
λj
λi
, (A3)
L1(λi, λj) =
∫
dx x lnB1(λi, λj)
= −1
4
+
λ2i
2(λi − λj)2 ln
λi
λj
+
1
2
lnλj − λi
2(λi − λj) , (A4)
L2(λi, λj) =
∫
dxdy y lnB2(λi, λj)
=
3
4(λi − λj)
[
λj
1− λi −
λi
1− λj
]
− 3λiλj
4(1− λi)(1− λj)
+
1
2(λi − λj)
[
λ2j lnλj
1− λj −
λ2i lnλi
1− λi
]
, (A5)
I1(λi, λj) =
∫ dxdy y
B1(λi, λj)
=
λiλj ln(λi/λj) + λj lnλj − λi lnλi
(1− λi)(1− λj)(λi − λj) , (A6)
I2(λi, λj) =
∫
dxdy y2
B2(λi, λj)
= − 1
2(1− λi)(1− λj) +
1
2(λi − λj)
[
ln
λi
λj
− lnλi
(1− λi)2
+
lnλj
(1− λj)2
]
, (A7)
I3(λi, λj) =
∫
dxdy y2(1− 2x)
B2(λi, λj)
= − 1
2(1− λi)(1− λj)
[
lnλi
1− λi −
lnλj
1− λj
]
− 1
2(λi − λj)
[
λj
1− λj
13
+
λi
1− λi
]
− ln(λj/λi)
2(λi − λj)2
[
λ2j
1− λj +
λ2i
1− λi
]
. (A8)
The integration interval of the variables x and y is [0, 1].
14
References
[1] For a recent review see, e.g., G.G. Raffelt, Phys. Rep. 198 (1990) 1;
Some previous works considering astrophysical constraints on Majoron models may
be found by
D. Dearborn, D. Schramm, G. Steigman, Phys. Rev. Lett. 56 (1986) 26; H.-Y. Cheng,
Phys. Rev. D36 (1987) 1649; R. Chanda, J.F. Nieves, P.B. Pal, Phys. Rev. D37
(1988) 2714; K. Choi, A. Santamaria, Phys. Rev. D42 (1990) 293.
[2] For a review of Nambu-Goldstone bosons, see G. Gelmini, S. Nussinov, T. Yanagida,
Nucl. Phys. B219 (1983) 31.
[3] Y. Chikashige, R.N. Mohapatra, R.D. Peccei, Phys. Lett. B98 (1980) 265.
[4] For recent works on singlet Majoron models and variants see, for example,
C.P. Burgess, J.M. Cline, Phys. Lett. B298 (1993) 141; J.M. Cline, K. Kainu-
lainen, K. Olive, Minnesota preprint 1993, UMN-TH-1113-93; UMN-TH-1201/93;
B. Brahmachari etal., preprint TIFR-TH-93-26; R.N. Mohapatra, X. Zhang, preprint
of Maryland University 1993, UMDHEP 94-04.
[5] C.T. Hill, E.A. Paschos, Phys. Lett. B241 (1990) 96; C.T. Hill, M.A. Luty,
E.A. Paschos, Phys. Rev. D43 (1991) 3011; G. Jungman, M.A. Luty,
Nucl. Phys. B361 (1991) 24.
[6] A.S. Joshipura, S.D. Rindani, Phys. Rev. Lett. 69 (1992) 3269.
[7] A.S. Joshipura, J.W.F. Valle, CERN report 1992, CERN-TH.6652/92.
[8] A. Pilaftsis, Phys. Lett. B285 (1992) 68.
[9] J.G. Ko¨rner, A. Pilaftsis, K. Schilcher, Phys. Rev.D47 (1993) 1080; Phys. Lett.B300
(1993) 381.
15
[10] J. Bernabe´u etal., Phys. Lett. B187 (1987) 303.
[11] J. Bernabe´u, J.G. Ko¨rner, A. Pilaftsis, K. Schilcher, Mainz preprint 1993, MZ-TH/93-
04.
[12] For an extensive review on GUT models see e.g., P. Langacker, Phys. Rep. C72
(1981) 185.
[13] See e.g., S. Bludman, D. Kennedy, P. Langacker, Nucl. Phys. B374 (1992) 373.
[14] For models with a low B − L scale in the 1− 10 TeV range see, for instance,
D. Chang, R.N. Mohapatra, M.K. Parida, Phys. Rev. Lett. 52 (1984) 1072;
Phys. Lett. B142 (1984) 55; Phys. Rev. D30 (1984) 1052; D. Chang etal.,
Phys. Rev. D31 (1985) 1718.
[15] A. Jodidio etal., Phys. Rev. D34 (1986) 1967.
[16] MARK-III Collaboration, Phys. Rev. Lett. 55 (1985) 1842.
[17] G. Gelmini, M. Roncadelli, Phys. Lett. B99 (1981) 411.
[18] T. Yanagida, Proc. of Workshop on Unified Theory and Baryon Number of the Uni-
verse, eds O. Swada and A. Sugamoto, (KEK, 1979) p. 95; M. Gell-Mann, P. Ramond
and R. Slansky, Supergravity, eds P. van Nieuwenhuizen and D. Friedman (North-
Holland, Amsterdam, 1979) p. 315.
[19] A. Pilaftsis, Z. Phys. C55 (1992) 275.
[20] For instance, G. Cvetic, M. Nowakowski, A. Pilaftsis, Phys. Lett. B301 (1993) 77.
[21] J.A. Griffols, E. Masso´, Phys. Lett. B173 (1986) 237; J.A. Griffols, E. Masso´, S. Peris,
Mod. Phys. Lett. A4 (1989) 311.
[22] W. Buchmu¨ller, D. Wyler, Phys. Lett. B249 (1990) 458.
16
[23] P. Langacker, D. London, Phys. Rev. D38 (1988) 886.
[24] H. Fritzsch, Invited talk given at the International Conference on ”New Theories in
Physics”, Kazimierz, Poland (May 1988), MPI-PAE/Pth 60/88 (1988); H. Harrari,
H. Haut, J. Weyers, Phys. Lett. 78 (1978) 459; Y. Koide, Phys. Rev. Lett. 47 (1981)
1241; Phys. Rev. D28 (1983) 252.
[25] N. Iwamoto, Phys. Rev. Lett. 53 (1984) 1198.
[26] G.G. Raffelt, Phys. Rev. D33 (1986) 897.
[27] M.S. Turner, Phys. Rev. Lett. 60 (1988) 1797.
[28] J.C. Romao, N. Rius, J.W.F. Valle, Nucl. Phys. B363 (1991) 369.
[29] A. Ilakovac, B. Kniehl, A. Pilaftsis, preprint in preparation.
17
Figure Captions
Fig. 1: Feynman graphs responsible for the coupling of Majorons to fermions, J0−
f1 − f2.
Fig. 2: CP -odd graphs giving rise to a scalar part in the coupling J0 − f − f .
Fig. 3: Exclusion plots from astrophysical requirements. We have considered the
values: (sνlL )
2 = 5. 10−2 (solid line), (sνlL )
2 = 10−2 (dashed line), (sνlL )
2 =
10−3 (dot-dashed line). The area lying above of the curves is excluded by
the restriction gJNN < 10
−9. In addition, we assume that all heavy neutrino
masses are approximately equal with mN .
Fig. 4: Exclusion plots originating from the decays: µ → J0e (solid line), τ →
J0e (dashed line), τ → J0µ (dot-dashed line). For comparison, we have
considered the astrophysical bound gJNN ≤ 10−9 (dotted line). The areas
lying above of the curves are excluded by the afore-mentioned conditions.
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